Introduction {#are12159-sec-0001}
============

The rapid growth of aquaculture, in particular the intensive open seawater fish farming installations in the Mediterranean Sea, has generated a series of conflicts with traditional users of coastal waters such as fishermen and tourists (Porrello, Tomassetti, Manzueto, Finoia, Persia, Mercatali & Stipa [2005](#are12159-bib-0055){ref-type="ref"}), while becoming the focus and subject of a multitude of studies due to the environmental effects of such facilities (Mantzavrakos, Kornaros, Lyberatos & Kaspiris [2007](#are12159-bib-0044){ref-type="ref"}).

The most common effects of farming fish in cages which are of greatest concern are mainly the issue of local eutrophication. The largest source of waste in aquaculture is organic matter coming from the fish feed (Sanz‐Lázaro & Marín [2011](#are12159-bib-0058){ref-type="ref"}). Generally speaking, approximately 1/4 of the nutrients added via fish feed are incorporated into the fish meat itself, whereas 3/4 remain in the water (Holmer, Wildfish & Hargrave [2005](#are12159-bib-0032){ref-type="ref"}).This organic matter is relatively rich in organic carbon and nutrients such as nitrogen and phosphorus, released in particulate and dissolved form. The release of dissolved nutrients can provoke an enrichment of surrounding waters, giving rise to an increase in primary production in the affected areas (FAO [1992](#are12159-bib-0028){ref-type="ref"}), which in turn alters the composition of the algae species found in this area. The increase in algae biomass can lead to greater turbidity and lower concentrations of dissolved oxygen in the water column owing to the decomposition of algae biomass (La Rosa, Mirto, Favaloro, Savona, Sarà, Danavaro & Mazzola [2002](#are12159-bib-0042){ref-type="ref"}; Garren, Smriga & Azam [2008](#are12159-bib-0030){ref-type="ref"}). Nevertheless, the impact of fish farming tends to be more noticeable in the benthos than in the water column, as the waste from the cages tends to accumulate around and under the fish cages (Vita & Marin [2007](#are12159-bib-0063){ref-type="ref"}; Yucel‐Gier, Kucuksezgin & Kocak [2007](#are12159-bib-0066){ref-type="ref"}). This accumulation of organic matter at the sediment surface increases the metabolism of the sediments which leads to increased oxygen consumption (Holmer & Kristensen [1992](#are12159-bib-0031){ref-type="ref"}; Morata, Sospedra, Falco & Rodilla [2012](#are12159-bib-0048){ref-type="ref"}), as oxygen is used by aerobic bacteria as an electron acceptor in respiration.

Although organic matter is considered to be the greatest source of pollution from fish farming, there are other contaminants that can have an adverse effect on benthic communities, such as the metals Cu, Zn and Cd (Dean, Shimmield & Black [2007](#are12159-bib-0023){ref-type="ref"}) as well as chemotherapeutic agents (Davies, Mchenery & Rae [1997](#are12159-bib-0022){ref-type="ref"}). These contaminants may cause interactive effects (Murray, Bulling, Mayor, Sanz‐Lázaro, Paton, Killham & Sosal [2008](#are12159-bib-0049){ref-type="ref"}) and may also alter the benthic community structure and diversity. Macrofauna plays an important role in ecosystem functions such as the mineralisation of organic matter and nutrient recycling (Braeckman, Provoost, Gribsholt, Van Gansbeke, Middelburg, Soetaert, Vincx & Vanaverbeke [2010](#are12159-bib-0013){ref-type="ref"}). Although many of these processes are carried out by bacteria living at the bottom of the sea, macrofauna also has an effect on these processes via bioturbation and bioirrigation.

The environmental assessment of aquaculture activities is a key component in decisions made by planners regarding the number and size of fish farms that can be installed at a given site. Moreover, a greater understanding and assessment of this medium is of vital importance to fish farm managers as it is related to fish health and ultimately to the profitability of the farm itself (Chou, Haya, Paon, Burridge & Moffat [2002](#are12159-bib-0015){ref-type="ref"}).

Spain reports the largest production in aquaculture among European Member States. It is also one of Europe\'s main producers of gilthead seabream, at 20 360 tonnes in 2010 (14.6%) (Asociación Empresarial de Productores de Cultivos Marinos (APROMAR) [2011](#are12159-bib-0008){ref-type="ref"}). It is important that this economic activity should be carried out while respecting the environment and ensuring the highest levels of protection for the site\'s natural setting. Yet, few studies have been conducted in Spain on the impact of intensive fish farming in the sea (Delgado, Ruiz, Perez, Romero & Ballesteros [1999](#are12159-bib-0024){ref-type="ref"}; Aguado & García [2004](#are12159-bib-0003){ref-type="ref"}; Maldonado, Carmona, Echeverría & Riesgo [2005](#are12159-bib-0043){ref-type="ref"}; Ferrón, Ortega & Forja [2009](#are12159-bib-0029){ref-type="ref"}).

The aim of this study was to analyse the effects on water quality, sediment and benthic community structure that are produced by the open‐sea cultivation of gilthead seabream (*Sparus aurata*, Linnaeus, 1758) in cages located in the Western Mediterranean Sea.

The potential impact of the waste generated by aquaculture on water column ecosystems has not been as widely studied as the effects of waste on sediments and benthic ecosystems, probably owing to the fact that it is more difficult to identify and quantify such impacts (Olsen, Holmer & Olsen [2008](#are12159-bib-0052){ref-type="ref"}). This study is notable for the high spatial resolution of the parameters measured in the water column, which were sampled every 2 m. Most studies published in this field thus far have measured parameters of water at the surface and the bottom (La Rosa *et al*. [2002](#are12159-bib-0042){ref-type="ref"}; Maldonado *et al*. [2005](#are12159-bib-0043){ref-type="ref"}; Mantzavrakos *et al*. [2007](#are12159-bib-0044){ref-type="ref"}; Kaymakci, Aksu & Egemen [2010](#are12159-bib-0041){ref-type="ref"}) or at three depths at the most (Matijević, Kušpilić, Morović, Grbec, Bogner, Skejić & Veža [2009](#are12159-bib-0046){ref-type="ref"}; Huang, Hsieh, Huang, Meng, Chen, Keshavmurthy, Nozawa & Chen [2011](#are12159-bib-0033){ref-type="ref"}).

Materials and methods {#are12159-sec-0002}
=====================

The gilthead seabream fish farm where this study was conducted is located in the North Western waters of the Mediterranean Sea, off the Spanish coast. The fish farm installation is located in the open sea, about 2 km from the coast at a depth of 19 m. The facilities composed of 15 fattening cages, which together with the remaining structures, comprised a considerable submerged surface area which represented a considerable surface area for fouling growth and development. Fouling is caused by macroalgae and mainly suspensivores such as *Mytilus galloprovincialis* (Lamarck, 1819) and *Sagartia elegans* (Dalyell, 1848). Fish production for this farm is 500 t year^‐1^. The gilthead seabream are fed on commercial feed, dispensed manually by a pneumatic feeding system on a small boat. During the period of this study, the feed conversion ratio (FCR) of the fish farm was approximately 1.8 and 2. The amount of feed dispensed was approximately 1000 t, which was unequally distributed throughout the year as the feed rate varied according to temperature, with maximum feed rate occurring during the summer months and the minimum during the winter months.

This study covered a one‐year cycle, with measurements taken from two sampling points, one located among the fish farm cages (0°3′ 11.10′′W; 39° 50′ 19.62′′N) and the control station (0° 3′ 6.19′′W; 39°50′21.41′′N), located 130 m northeast of the fish farm. Samples were collected during four sampling campaigns, the first in autumn (25/11/2008 (I = Fish Farm Installation) 'I‐1' and 01/12/2008 (C = Control Station) 'C‐1'), the second in winter (23/02/2009 (I) 'I‐2' and 28/02/2009 (C) 'C‐2'), the third in spring (28/04/2009 (I) 'I‐3' and 02/05/2009 (C) 'C‐3') and the fourth in early summer (17/06/2009 (I) 'I‐4' and 19/06/2009 (C) 'C‐4').

Current velocity and direction was measured during sampling by way of a multi‐cell current profiler (Acoustic Doppler current‐ Argonaut‐XR, Wissenschaftlich‐Technische Werkstätten (WTW), Weilheim, Germany).

Samples from the water column were taken every two metres. Surface and bottom water (one metre over the sea bed) was also sampled using a Niskin‐type water sampler. Transparency (Secchi depth), salinity (Sal), pH, temperature (Temp), suspended solids (SS), chlorophyll *a* (Chl‐*a*), dissolved inorganic nitrogen \[DIN = ammonium (NH~4~ ^+^) + nitrates (NO~3~ ^−^) + nitrites (NO~2~ ^−^)\], soluble reactive phosphorus (PO~4~ ^3−^), total phosphorus (TP), silicate (Si) and dissolved oxygen (DO) were measured in water column. Transparency was measured using a Secchi dish, and the salinity, pH and temperature measured with Multi‐Parameter Instruments WTW Multi 340i (Sontek, San Diego, CA, USA). The DO samples were fixed immediately and analysed using the Winkler iodometric method (Baumgarten, Rocha & Niencheski [1996](#are12159-bib-0010){ref-type="ref"}). For the analysis of dissolved nutrients, the samples were filtered using a cellulose acetate membrane filter with a pore size of 0.45 μm. The NH~4~ ^+^ concentration was determined on the same day and the remaining samples were frozen for later analysis. The nutrients were analysed using the methods described by Aminot and Chaussepied ([1983](#are12159-bib-0005){ref-type="ref"}) and adapted by Baumgarten *et al*. ([1996](#are12159-bib-0010){ref-type="ref"}). The Chl‐*a* and SS were determined using the methodology described in APHA, AWWA, & WEF ([2005](#are12159-bib-0006){ref-type="ref"}).

Scuba divers visually inspected the sea bottom for signs of *Beggiatoa* spp. and phytobenthic assemblages. During each sampling session, three samples were taken of unaltered sediment layers for both the fish farm and control station, using corers with a length of 30 cm and an internal diameter of 6.5 cm. When the corers were brought up to the surface, redox potential (Eh) was measured at a depth of 0.5 cm using a Crison PH25 potentiometer. The uppermost layer (1 cm) was removed to analyse granulometry, porosity, organic matter (OM) and total phosphorus (TP). Sediment porosity was calculated following Dell\'Anno, Mei, Pusceddu and Danovaro ([2002](#are12159-bib-0025){ref-type="ref"}). To determine sediment TP, digestion was performed following Arocena and Conde ([1999](#are12159-bib-0007){ref-type="ref"}). OM was analysed using the combustion method (Dell\'Anno *et al*. [2002](#are12159-bib-0025){ref-type="ref"}). Granulometry was performed for the sediment samples using the Wentworth scale (Shepard [1954](#are12159-bib-0059){ref-type="ref"}). In addition, three additional cores were taken for subsequent identification and count of benthic macro‐invertebrates. These cores were sieved using a 0.5 mm mesh and 7% magnesium chloride was used as anaesthetic. Organisms were later fixed in 7% formaldehyde solution. Simpson\'s diversity index was calculated following Cardona ([2007](#are12159-bib-0014){ref-type="ref"}).

Two‐way [anova]{.smallcaps} was used to determine the existence of significant differences (*P *\<* *0.05) among the various parameters analysed in the water column and sediment. The factors chosen were 'location' factor (fish farm facilities and control station) and 'seasonal nature' factor (different sampling campaigns: fall, winter, spring and early summer). When data did not meet the assumptions for the [anova]{.smallcaps}, we applied appropriate transformations. This task was carried out using the software Statgraphics centurion.

The effects of benthic environmental variables on the abundances of species in the macrofauna and their spatial variation were analysed by Canonical Correlation Analysis (CCA) using PC‐ORD software.

Results {#are12159-sec-0003}
=======

Water column {#are12159-sec-0004}
------------

Table [1](#are12159-tbl-0001){ref-type="table"} shows maximum and average values of water velocity and most frequent current direction for both the fish farm and control site. Maximum velocity (43 cm s^−1^) was measured at the beginning of summer at the fish farm installation. Average velocity ranged between 3 and 10 cm s^−1^ at the fish farm and 4--8 cm s^−1^ at the control station. No significant differences were found between average velocities neither at the fish farm and control site nor among the different sampling sessions that took place throughout the year. The dominant current direction was found to be northeast.

###### 

Number of measurements, maximum and average speed and more frequent current direction of the fish farm installation (I) and the control station (C)

                 Direction   Total measurements   Percent measurements   Maximum speed (cm s^−1^)   Average speed (cm s^−1^) ± sd   
  -------------- ----------- -------------------- ---------------------- -------------------------- ------------------------------- -------------
  Fall           I           NE                   1095                   13.42                      18.15                           4.91 ± 2.75
  C              W           930                  11.40                  28.90                      8.04 ± 6.59                     
  Winter         I           E                    1691                   20.72                      19.70                           3.32 ± 2.51
  C              S           930                  11.40                  16.25                      5.34 ± 2.50                     
  Spring         I           NE                   1210                   14.83                      31.67                           5.65 ± 4.09
  C              SE          1127                 13.81                  14.44                      4.27 ± 2.71                     
  Early Summer   I           N                    638                    7.82                       43.29                           9.87 ± 9.03
  C              NE          539                  6.61                   36.68                      5.99 ± 4.10                     
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Table [2](#are12159-tbl-0002){ref-type="table"} shows maximum, minimum and average values of the parameters measured in the water column for every sampling campaign, for both the fish farm and control site.

###### 

Ranges and averages (in parenthesis) of environmental parameters of the water column for four sampling campaigns in the fish farm installation (I) and control station (C)

  Environmental Parameter      Fall          Winter       Spring       Early Summer                                           
  ---------------------------- ------------- ------------ ------------ -------------- ------------- ------------ ------------ ------------
  Temperature (ºC)             16.0--16.5    15.0--15.5   12.7--12.9   12.7--12.9     16.0--16.4    15.6--16.3   22.9--19.6   22.9--18.5
  (16.1)                       (15.1)        (12.9)       (12.9)       (16.3)         (15.8)        (20.7)       (20.0)       
  pH                           7.86--8.12    8.00--8.14   7.92--8.12   7.95--8.06     8.05--8.13    7.99--8.09   7.95--8.17   7.98--8.06
  (8.06)                       (8.09)        (8.00)       (8.02)       (8.09)         (8.07)        (8.08)       (8.01)       
  Salinity (g L^−1^)           37.7--37.9    37.4--38.0   37.5--38.0   37.6--38.0     37.0--37.5    37.1--37.4   37.4--37.5   36.7--37.5
  (37.8)                       (37.9)        (37.8)       (37.8)       (37.4)         (37.3)        (37.4)       (37.3)       
  DO (mg L^−1^)                3.82--5.51    5.16--7.29   8.00--8.53   8.71--8.89     7.00--7.90    8.60--9.40   7.60--8.60   6.00--9.00
  (4.94)                       (6.31)        (8.22)       (8.77)       (7.57)         (9.01)        (7.84)       (7.73)       
  NH~4~ ^+^ (μM)               3.13--11.44   0.50--1.75   0.36--4.04   0.01--1.31     0.01--1.27    0.01--0.76   0.10--1.35   0.35--3.00
  (6.60)                       (0.96)        (1.43)       (0.70)       (0.39)         (0.38)        (0.72)       (1.05)       
  NO~3~ ^−^ + NO~2~ ^−^ (μM)   2.59--5.96    0.28--3.25   4.11--6.10   2.20--8.58     0.30--2.25    0.16--2.25   0.16--2.57   0.15--2.58
  (3.91)                       (0.99)        (5.29)       (5.38)       (1.20)         (1.25)        (1.06)       (0.64)       
  DIN (μM)                     7.29--15.33   1.11--4.15   4.47--9.81   2.21--9.87     0.31--2.66    0.17--2.50   0.77--2.94   0.95--3.55
  (10.51)                      (1.96)        (6.72)       (6.08)       (1.59)         (1.63)        (1.78)       (1.69)       
  TP (μM)                      0.37--0.65    0.20--0.39   0.19--0.41   0.14--0.23     0.28--0.51    0.26--0.40   0.17--0.67   0.20--0.54
  (0.50)                       (0.29)        (0.26)       (0.20)       (0.36)         (0.35)        (0.30)       (0.31)       
  Si (μM)                      2.32--2.94    1.31--2.37   1.27--3.72   0.83--4.65     1.16--10.84   0.81--2.31   0.94--2.35   1.48--5.40
  (2.62)                       (1.61)        (2.58)       (2.50)       (2.70)         (1.63)        (1.54)       (3.21)       
  Chl‐*a* (μg L^−1^)           0.10--0.29    0.10--0.53   0.49--0.58   0.40--0.73     0.55--1.13    0.79--1.03   0.10--0.27   \<0.2
  (0.25)                       (0.28)        (0.52)       (0.60)       (0.74)         (0.91)        (0.12)       (\<0.2)      
  SS (mg L^−1^)                5--8          5--9         8--11        9--11          7--12         9--13        6--9         4--9
  \(6\)                        \(8\)         \(9\)        \(10\)       \(10\)         \(11\)        \(7\)        \(8\)        
  Secchi depth (m)             6.0           5.0          4.9          4.6            6.7           6.0          6.7          13
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No significant differences in water temperature were found between the fish farm and control site but there were seasonal variations (Fig. [1](#are12159-fig-0001){ref-type="fig"}a): the lowest values were in winter and the highest at the beginning of summer, whereas no significant differences were observed between autumn and spring. Only during the sampling campaign at the beginning of summer, at both the fish farm and the control site, was the surface water temperature 3--4°C higher than the bottom water temperature. No significant differences in pH were found between the fish farm and control site. pH values remained between 7.9 and 8.2. No significant differences in salinity were found between the fish farm and control site and it remained uniform throughout the water column in all the samples. DO values in the water column were lower and significantly different at the fish farm in comparison with the control site. DO concentrations also showed seasonal differences, with the highest levels being observed in winter and spring and the lowest in autumn. No defined pattern was observed in the vertical distribution for DO. The levels of DIN, PO~4~ ^3−^ and TP at the fish farm installation were significantly higher than those of the control station, with seasonal differences being found during some of the sampling campaigns. The DIN presented much lower concentrations, both at the fish farm installation and at the control site, during the sampling campaigns of spring and the beginning of summer. The seasonal variations in phosphorus were not high; the only notable increase in concentration was in the autumn campaign, in which the mean concentration in PO~4~ ^3−^ at the fish farm was double that of the control station. In the vertical profiles of DIN (Fig. [1](#are12159-fig-0001){ref-type="fig"}b) at the fish farm installation we observed peaks of concentration at intermediate depths in the samples for autumn, winter and the beginning of summer. The vertical distribution profiles for PO~4~ ^3−^ (Fig.[1](#are12159-fig-0001){ref-type="fig"}c) were quite similar to those of the TP; at the fish farm, we observed clearly defined peaks at intermediate depths in the autumn and spring campaigns. No significant differences in Si concentrations were found at the two stations sampled or during the different seasons of the year. In the vertical distribution profiles of Si, a subsurface peak was observed only at the fish farm installation in the spring campaign, but with no clear general pattern emerging (Fig. [1](#are12159-fig-0001){ref-type="fig"}d). There were significant differences in Chl‐*a* concentration between the fish farm installation and the control station, where the control site was the higher of the two. There were also differences among the different sampling campaigns: the highest Chl‐*a* concentrations were in spring, with an average of 0.74 and 0.91 μg L^−1^ at the fish farm and control respectively; whereas the lowest were recorded at the beginning of summer (Table [2](#are12159-tbl-0002){ref-type="table"}). No clear pattern emerged in the vertical distribution of Chl‐*a* in the water column. SS values ranged from 4 to 13 mg L^−1^, and were highest in spring at both the fish farm and the control site, coinciding with the highest observed values for Chl‐*a*. There were significant differences between SS at the fish farm and that measured at the control station, and the highest concentrations was observed at the control station, however, there were no significant differences in transparency values between sites. No clear trend was observed in the vertical distribution of the SS.

![Temperature, DIN,PO ~4~ ^3−^ and DO in the water column in the fish farm installation and the control station in four sampling campaigns.](ARE-46-59-g001){#are12159-fig-0001}

Sediment {#are12159-sec-0005}
--------

Both the fish farm facility and the control station were characterised by sandy sediments with a grain size mode of between 0.125 mm and 0.063 mm and an average size corresponding to very fine sand. Differences were only observed in the percentage of gravels, 6.3 ± 2.8 at the fish farm versus 0.1 ± 0.1 at the control station. This sediment fraction which represented particle sizes greater than 2 mm, mainly composed of mussel valves, which in the case of the fish farm were found to be 40 times higher than that observed in the control station. At both locations the porosity of sediments was 0.46. Significant differences were found between fish farm and control site sediments in OM content, TP concentrations and Eh measurements. In the four sampling campaigns, OM content and TP concentrations were found to be greater at the fish farm facility than at the control station (Fig. [2](#are12159-fig-0002){ref-type="fig"}a and b). OM content was found to be three times and TP seven times higher at the fish farm than at the control site at the beginning of summer. The highest concentrations of OM (1.8% ± 0.7) and TP (1,350 ± 411 mg kg^−1^) and the greatest negative values for Eh (−207 ± 90 mV) were found in the early summer in samples taken from below cages. Reducing conditions were observed under the cages throughout the year; Eh values were found to be consistently negative and much lower than those observed at the control station (Fig. [2](#are12159-fig-0002){ref-type="fig"}c).

![% OM, TP and Eh in sediments under the installation of the marine fish farming (I) and the control station (C) in the sampling campaigns in the Fall (F), Winter (W), Spring (Sp) and early Summer (eS).](ARE-46-59-g002){#are12159-fig-0002}

Benthic organisms {#are12159-sec-0006}
-----------------

Visual inspections did not reveal *Beggiatoa* spp. (Trevisan, 1842); however, microphytobenthic assemblages were observed in the control station sediments in the spring.

Various organisms belonging to *Crustacea*,*Mollusca* and *Polychaeta* groups were found at the fish farm installation. These groups were found at the control station as well others belonging to the *Nematomorpha*,*Equinodermata*,*Sipuncula* and *Cnidaria* groups, in some of the sampling campaigns. Fig.[3](#are12159-fig-0003){ref-type="fig"} shows the specific richness and abundance of benthic macrofauna, which clearly indicates the consistently lower specific richness and greater abundance of the fish farm when compared with the control station. The number of species found at the fish farm installation was between two and six, whereas at the control station, it was between 7 and 20. However, the average abundance at the fish farm installation was 21 419 ± 14 339 individuals m^−2^ whereas at the control station, it was 4584 ± 3440 individuals m^−2^. This trend was in line with the results of Simpson\'s Diversity Index (Fig. [4](#are12159-fig-0004){ref-type="fig"}), which always showed higher values at the fish farm installation than at the control station. Simpson\'s Diversity Index registered values of between 0.89 and 0.95 at the fish farm, and between 0.08 and 0.15 at the control site. In all sampling campaigns, polychaeta showed lower specific richness at the fish farm than at the control station. *Capitella capitata* (Fabricius, 1780) was consistently present at the fish farm although some *Owenia fusiformis* (Delle Chiaje, 1844) individuals were found in a few samples, as were *Diopatra neapolitana* (Delle Chiaje, 1841). All samples taken at the control station contained species such as *Nephtys hombergi* (Savigny, 1818) (Fig. [5](#are12159-fig-0005){ref-type="fig"}a). *Hyalinoecia bilineata* (Baird, 1870) (Fig. [5](#are12159-fig-0005){ref-type="fig"}b), *Goniada maculate* (Örsted, 1843), *Pectinaria koreni* (Malmgren, 1866), *Glycera* sp (Grube, 1850), in addition to species from the *Sabellidae* (Malmgren, 1866), *Spionidae* (Grube, 1850) and *Maldanidae* (Malmgren, 1867) families, which were found in at least two of the sampling campaigns taken at the control station. In contrast, the abundance of polychaeta was found to be consistently greater at the fish farm than at the control station, owing to the dominance of *Capitella capitata* under the fish cages. This species showed an abundance of between 5855 and 34 465 individuals m^−2^ with the samples for winter and beginning of summer showing the maximum abundances (Fig. [5](#are12159-fig-0005){ref-type="fig"}c). As the Crustacea exhibited the same general pattern in terms of specific richness, that is, fewer species at the fish farm than at the control station, lower abundance at the fish farm was observed. Species such as *Ampelisca spinipes* (Boeck, 1861) and *Apseudes latreilli* (Milne‐Edwards, 1820) which were detected at the control station were not observed at the fish farm (Fig. [5](#are12159-fig-0005){ref-type="fig"}d and e). The sampling conducted at the beginning of the summer did not contain any crustacean species, whereas a maximum abundance was observed in winter, with 530 individuals m^−2^. However, the abundance of crustaceans at the control station ranged between 497 and 3646 individuals m^−2^, with a maximum observed in the sampling campaign carried out at the beginning of the summer. The number of species from the mollusc group was found to be low at both sites. The autumn sampling did not contain any mollusca species underneath the cages or at the control station. *Spisula subtruncata* (da Costa, 1778) was found at the fish farm in the sampling taken at the beginning of summer, with an abundance of 552 individuals m^−2^. Yet, this species was also found in samples taken at the control station in winter, spring and beginning of summer; the latter sampling exhibiting a maximum abundance for this species, which was found to be 2209 individuals m^−2^ (Fig. [5](#are12159-fig-0005){ref-type="fig"}f).

![(a) Number of species and (b) density of individuals in sediments under the of the fish farm installation (I) and the control station (C) in the sampling campaigns in the Fall (F), Winter (W), Spring (Sp) and early Summer (eS).](ARE-46-59-g003){#are12159-fig-0003}

![Simpson\'s Diversity Index at installation of the marine fish farming and at the control station in four sampling campaigns.](ARE-46-59-g004){#are12159-fig-0004}

![Density of individuals of some species of macrofauna in sediments under of the fish farm installation (I) and the control station (C) in the sampling campaigns in the Fall (F), Winter (W), Spring (Sp) and early Summer (eS).](ARE-46-59-g005){#are12159-fig-0005}

In the CCA, since rare taxa could distort the coordination points, the taxa that were only observed during a sampling campaign at either the fish farm installation or control station were excluded. The abundance values were converted into log (abundance+1). We considered a total of four benthic environmental variables (%OM, TP, Eh,% gravels). Analysis showed that the first three axes accounted for 68.9% of the total variance contained in the data for the species in the benthic community. The first axis accounted for 34.6%, the second, 22.6% and the third, 11.6%. All the variables correlated with axis 1; with the correlation being positive for Eh (*r* = 0.89), and negative for %OM (−0.53), TP (*r* = −92) and % gravel (−0.88). The only predictor variable with strong loading on axis 2 was % OM which had a positive correlation (*r* = 0.72). The Pearson correlation between the species and the environmental variables was 0.96 and 0.98 for the first and second axes respectively. The factors diagram (Fig. [6](#are12159-fig-0006){ref-type="fig"}) respecting axis 1, showed a clear differentiation in the two sampled zones and a smaller differentiation among the different sampling campaigns in both zones. The four sampling campaigns at the fish farm installation appeared on the left or negative whereas the sampling campaigns at the control station, with the exception of the beginning of summer, which was in the middle, appeared on the right or positive. As regards axis 2, differences were observed among the different sampling campaigns in two zones. Among the species found, *Capitella capitata* stood out as the only one located top left. Most of the species found only at the control station appeared to the right, and of these, species such as *Ampelisca spinipes*,*Apseudes latreilli*,*Pectinaria Koreni*,*Goniada maculata*,*Glycera sp* and the families *Maldanidae* and *Spionidae* appeared bottom right.

![CCA ordination diagram showing the study sites positions: installation (I) and Control (C) in four sampling campaigns (□) and distribution of species (♦) in relation to predictor variables: percentage of organic matter (OM), total phosphorus (TP), redox potential (Eh) and percentage of gravels (Gr).](ARE-46-59-g006){#are12159-fig-0006}

Discussion {#are12159-sec-0007}
==========

Water column {#are12159-sec-0008}
------------

The average velocity values ranged between 3 and 10 cm s^−1^, similar to those observed by Aguado and García ([2004](#are12159-bib-0003){ref-type="ref"}) in the Western Mediterranean Sea. The dominant current direction among all measurements made at both sites was found to be northeast. This minimizes the possibility that the control station could have been influenced by fish farm waste, as the control station had been situated upcurrent from dominant sea currents.

At both the fish farm installation and the control station, the water temperature during each sampling campaign varied according to the season. At the beginning of summer, no thermocline was observed, although there was a gradual decrease in temperature from the surface to the bottom due to the increase in incident solar radiation (Fig. [1](#are12159-fig-0001){ref-type="fig"}a). The lower DO concentrations in the water column observed at the fish farm with respect to those seen at the control station were due to oxygen consumption produced by fish respiration, consumption of organic matter through aerobic decomposition and the nitrification of the reduced forms of nitrogen. In every case, values were found to be higher than the 'farm\'s critical value' (3.7 mg L^−1^), as per the recommended criteria established by Abo and Yokayama ([2007](#are12159-bib-0001){ref-type="ref"}) for sustainable aquaculture production. The highest DO values were observed in winter and spring, probably due to the lower temperature and greater primary production respectively. The highest concentrations of DIN in the water column registered at the fish farm installation were due to supplies of both NH~4~ ^+^ and NO~3~ ^−^+NO~2~ ^−^. Ammonium nitrogen (Table [2](#are12159-tbl-0002){ref-type="table"}) is the principal form of nitrogen that is excreted by the fish (Dosdat [2000](#are12159-bib-0027){ref-type="ref"}; La Rosa *et al*. [2002](#are12159-bib-0042){ref-type="ref"}; Aksu & Kocatas [2007](#are12159-bib-0004){ref-type="ref"}) as well as the first component released by decomposition of organic matter in the water column and sediment. The particulate portion of the nitrogen from the fish farm which was deposited in the sediment was rapidly decomposed biochemically and reincorporated into the water column (Christensen, Rysgaard, Sloth, Dalsgaard & Schwaerter [2000](#are12159-bib-0016){ref-type="ref"}; Aguado [2001](#are12159-bib-0002){ref-type="ref"}; Cromey, Nickell & Black [2002](#are12159-bib-0020){ref-type="ref"}). The highest value of NH~4~ ^+^ was found to be 11.4 μM, which meant that, given the temperature, salinity and pH of the water, 2.65% of this concentration was in the form of ammonia (Johansson & Wedborg [1980](#are12159-bib-0034){ref-type="ref"}), that is, 5.2 μg NH~3~. L^−1^. This value was substantially lower than the maximum NH~3~ value recommended by the Environmental Protection Agency (EPA) (\<100 μg NH~3~ . L^−1^) to avoid negative effects on fish growth. It was also lower than the levels recommended by Wajsbrot, Gasith, Krom and Popper ([1991](#are12159-bib-0064){ref-type="ref"}) for gil‐thead seabream fish farms to avoid adverse effects on growth and survival (\< 64 μg NH~3.~ L^−1^). The differences observed in NO~3~ ^−^+NO~2~ (Table [2](#are12159-tbl-0002){ref-type="table"}), found in greater concentrations at the fish farm was probably due to the NH~4~ ^+^ that was quickly oxidized to the less toxic NO~3~ ^−^ and NO~2~ ^−^ (Dosdat [2000](#are12159-bib-0027){ref-type="ref"}) as well as from faecal nitrogen and non‐ingested feed. We found generally lower concentrations of DIN during the sampling campaigns of spring and the beginning of summer compared with those of autumn and winter. This reflects the typical dynamics known for the western Mediterranean, caused by summer stratification of the water column due to shallow pycnoclines and maximum phytoplankton growth and nutrient uptake in the upper water layer due to increased temperature and irradiance (Maldonado *et al*. [2005](#are12159-bib-0043){ref-type="ref"}). We also observed differences at the fish farm installation compared with the control site, especially during the autumn sampling campaign for concentrations of PO~4~ ^3−^ and TP in the water column. This can be attributed to the excretion of phosphorus by fish in the form of dissolved orthophosphate, organic phosphorus compounds or non‐ingested feed, which also contained phosphorus (Jover [2000](#are12159-bib-0036){ref-type="ref"}). The peaks found at intermediate depths for both DIN and de PO~4~ ^3−^ at the fish farm installation were probably due to fish excretion and the location of the fish in the cages when the samples were taken. In floating sea cages, the density of the fish can be affected by environmental gradients such as temperature, currents and variations in light (Juell & Fosseidengen [2004](#are12159-bib-0037){ref-type="ref"}). Fish are attracted to the optimum areas and avoid unfavourable areas. This causes high densities of fish in favourable areas with less competitive fish confined to the other areas and in lower densities (Johansson, Juell, Oppedal, Stiansen & Ruohonen [2007](#are12159-bib-0035){ref-type="ref"}; Oppedal, Juell & Johansson [2007](#are12159-bib-0053){ref-type="ref"}). This behaviour can affect different environmental parameters since high local concentrations of fish can lead to reduced water flow (Martins, Galhardo, Noble, Spedicato, Zupa, Beauchaud, Kulczykowska, Massabuau, Carter, Planellas, Damsgård & Kristiansen [2012](#are12159-bib-0045){ref-type="ref"}).

It should be noted that significant differences were seen in the majority of nutrients analysed in the water column, with respect to other studies. The high spatial resolution of the water column parameters may have contributed to these results. There are studies such as that conducted by Kaymakci *et al*. ([2010](#are12159-bib-0041){ref-type="ref"}) in which significant differences were not observed for any of the parameters measured in the water column (oxygen or nutrients) at eight fish farms around Salih Island and at control station at each fish farm. However, there are other studies which have shown significant differences in some of the water column parameters measured at sea fish farms with respect to control sites. For instance, La Rosa *et al*. ([2002](#are12159-bib-0042){ref-type="ref"}) also found significant differences in PO~4~ ^3−^ concentrations; they did not, however, find differences in DIN. Yucel‐Gier *et al*. ([2007](#are12159-bib-0066){ref-type="ref"}) found significant differences in NO~3~ ^−^concentrations, although they did not find differences in NH~4~ ^+^, NO~2~ ^−^ and PO~4~ ^3−^. Aksu and Kocatas ([2007](#are12159-bib-0004){ref-type="ref"}) also found significant differences in NH~4~ ^+^ y PO~4~ ^3−^ concentrations, but not in DO, y NO~3~ ^−^ + NO~2~.

The higher levels of DIN and PO~4~ ^3−^ found in the water column of the fish farm installation compared with those of the control station, combined with the oligotrophic character of the Mediterranean Sea (Siokou‐Frangou, Christaki, Mazzocchi, Montresor, Ribera, Vaqué & Zingone [2010](#are12159-bib-0060){ref-type="ref"}) could cause over‐fertilization and undesirable consequences for the ecosystem and fish farming. Although it is not present in the waste produced by aquaculture (Maldonado *et al*. [2005](#are12159-bib-0043){ref-type="ref"}), silicate was also measured to calculate the stoichiometric ratios of nutrients, as another effect of increased nitrogen and phosphorus in the water column is the alteration of the stoichiometric ratio DIN:PO~4~ ^3−^:Si. The criteria applied by Justic, Rabalais, Turner and Dortch ([1995](#are12159-bib-0038){ref-type="ref"}) were used in this study to identify the limiting nutrients at the fish farm and control station. Table [3](#are12159-tbl-0003){ref-type="table"} shows the percentages of cases in which each nutrient acted as a potential limiting nutrient, only taking into account nitrogen and phosphorus, as these nutrients are the ones that are added into the system by the aquaculture activity. It was observed that phosphorus was the limiting nutrient at the fish farm in three out of four sampling campaign (autumn, winter, beginning of summer), whereas phosphorus only acted as limiting nutrient at the control station in winter. This is probably attributable to the fish farm activity which releases just as much nitrogen into the system as it does phosphorus; however, nitrogen is released in far greater quantities. Moreover, much of the nitrogen is released in dissolved form whereas phosphorus is mostly in particulate form (Yucel‐Gier *et al*. [2007](#are12159-bib-0066){ref-type="ref"}; Olsen *et al*. [2008](#are12159-bib-0052){ref-type="ref"}). On the other hand, when DIN, PO~4~ ^3−^ and Si are taken into consideration in the stoichiometric ratios (Table [4](#are12159-tbl-0004){ref-type="table"}), it is observed that Si acts as the limiting nutrient at the fish farm facilities 11% more than at the control station. This may be explained by the fact that aquaculture releases are limited, mainly DIN and PO~4~ ^3−^. Moreover, the limiting nutrient at the fish farm was mostly found to be PO~4~ ^3−^ (43%), followed by Si (33%), whereas the limiting nutrients at the control station were found to be PO~4~ ^3−^ and DIN, showing similar percentages (around 30%). It is also important to point out the higher levels of nutrients in the areas surrounding the fish farm, as these changes in the nutrients ratios generated by this activity could bring the increase of toxic phytoplankton species such as dinoflagellates in certain times of the year. Olivos, Masó and Camp ([2002](#are12159-bib-0051){ref-type="ref"}) and Vila, Garcés, Masó and Camp ([2001](#are12159-bib-0062){ref-type="ref"}) observed a relationship between the nutrient runoff along the continental water and/or the changes in the nutrients ratios induced by anthropogenic activities seasonal incidence and an increase in the presence of harmful dinoflagellates along the Catalan Coast and the North‐western Mediterranean respectively.

###### 

Percentage when DIN or PO~4~ ^3−^ act as potential limiting nutrient

                 Sampling      %DIN limiting   %PO~4~ ^3−^ limiting   \% without limitation
  -------------- ------------- --------------- ---------------------- -----------------------
  Installation   Fall          0               70                     30
  Winter         0             80              20                     
  Spring         50            20              30                     
  Early Summer   20            50              30                     
  Control        Fall          56              0                      44
  Winter         0             89              11                     
  Spring         56            11              33                     
  Early Summer   50            30              20                     
  Installation   4 campaigns   17              55                     28
  Control        4 campaigns   40              33                     27

John Wiley & Sons, Ltd

###### 

Percentage when DIN, PO~4~ ^3−^ or Si act as potential limiting nutrient

                 Sampling      %DIN limiting   %PO~4~ ^3−^ limiting   %Si limiting   \% without limitation
  -------------- ------------- --------------- ---------------------- -------------- -----------------------
  Installation   Fall          0               20                     80             0
  Winter         0             80              20                     0              
  Spring         40            20              10                     30             
  Early Summer   20            50              20                     10             
  Control        Fall          33              0                      44             22
  Winter         0             78              11                     11             
  Spring         33            11              33                     22             
  Early Summer   50            30              0                      20             
  Installation   4 campaigns   15              43                     33             10
  Control        4 campaigns   29              30                     22             19

John Wiley & Sons, Ltd

However, despite the greater availability of nitrogen and phosphorus in the areas surrounding the fish farm, we found higher concentrations of Chl‐*a* at the control station. This runs contrary to the general prediction that a greater availability of nutrients should lead to an increase in Chl‐*a* concentrations. This could be due to many factors: the hydrodynamics of the study area might have contributed to the dilution and dispersion; also, the potential effects of the various substances used in aquaculture (to control diseases and antifouling substances) on primary production and/or the role of macroalgae and suspensivores associated to the submerged structures of the fish farm. The hydrodynamics of the study area (current velocity was found to range between 3 and 10 cm s^−1^) could have added to dilution and dispersion, but this would also have affected nutrients such as phytoplankton biomass. We were also aware that this facility did not use antifouling substances as part of its management practices; thus, there was considerable biofouling. In addition, this study measured Chl‐*a* concentrations in the water, which is not equivalent to the total primary production that may be taking place in the area; the role of macroalgae and suspensivores associated to the submerged structures of the fish farm and their direct consumption of nutrients and phytoplankton respectively was not taken into account. There are studies which attribute increased mussel growth (Cook & Black [2003](#are12159-bib-0018){ref-type="ref"}) and macroalgae (Chung, Kang, Yarish, Kraemer & Lee [2002](#are12159-bib-0017){ref-type="ref"}) to the nutrient enrichment of the water column in fish farms. Cook, Black, Sayer, Cromey, Angel, Spanier, Tsemel, Katz and Eden ([2006](#are12159-bib-0019){ref-type="ref"}) observed higher fouling biomass and different community compositions in fish farm installations as opposed to those of control sites. Although we did not measure biofouling biomass associated to the submerged fish farm structures directly, we were able to observe, albeit indirectly, significant growth at the fish farm installation. The dry weight of the valves found in the sediment under the cage was between 775 and 1247 g m^−2^. This was the result of the cleaning operations in place at the fish farm, where removal of biomass was not adequately handled and therefore much of said biomass ended up in the sediment under the cages. Cugier, Struski, Blanchard, Mazurié, Pouvreau, Olivier, Trigui and Thiébaut ([2010](#are12159-bib-0021){ref-type="ref"}) claim that the wild suspensivores associated to shellfish farming are key elements in the control of primary production and concentrations of chlorophyll *a*.

Our study highlights the importance of researching vertical profiles in the water column as a means of evaluating the impact of fish farming. We found that at the fish farm installation there were lower concentrations of DO and higher concentrations of DIN, PO~4~ ^3−^ and PT than in the reference zone due to the aquaculture activity. The increase in the DIN and PO~4~ ^3−^ concentrations at the fish farm modified the stoichiometric ratios between nutrients, with Si acting 11% more as a limiting nutrient at the fish farm than at the control. Nevertheless, Chl‐*a* concentration was higher at the control station. On the other hand, the seasonal changes observed in the majority of the variables studied in the water column were mainly due to the typical seasonal weather patterns of the Mediterranean (La Rosa *et al*. [2002](#are12159-bib-0042){ref-type="ref"}; Maldonado *et al*. [2005](#are12159-bib-0043){ref-type="ref"}), since they occurred both at the fish farm and the control station.

Sediment {#are12159-sec-0009}
--------

The differences between the fish farm and the control station in the percentage found in the sediment fraction (\> 2 mm) were due to the shells coming from the fouling removal performed on the submerged structures of the fish farm.

The OM content was consistently higher under the cages than at the control station, a finding which is known to occur under fish farm cages located in open seawater (Karakassis, Tsapakis, Hatziyanni, Papadopoulou & Plaiti [2000](#are12159-bib-0040){ref-type="ref"}; Mantzavrakos *et al*. [2007](#are12159-bib-0044){ref-type="ref"}; Borja, Rodríguez, Black, Bodoy, Emblow, Fernandes, Forte, Karakassis, Muxika, Nickell, Papageorgiou, Pranovi, Sevastou, Tomassetti & Angel [2009](#are12159-bib-0012){ref-type="ref"}). OM in sediment mostly originates from non‐ingested fish feed, either due to over‐feeding or poorly managed diet. Accumulation of fish faeces, cultivated fish mortality and cage cleaning may also increase OM in the sediment (Molina & Vergara [2005](#are12159-bib-0047){ref-type="ref"}). The highest OM content was found under the cages in summer, due to the higher rates of organic matter deposition from the seabream production, which varies seasonally. As temperatures increase, fish metabolism increases and more fish feed is administered. This leads to greater excretion rates and fish feed wastage. This accumulation of organic matter at the sediment surface increases the metabolism of the sediments which leads to increased oxygen consumption (Morata *et al*. [2012](#are12159-bib-0048){ref-type="ref"}), as oxygen is used by aerobic bacteria as an electron acceptor in respiration. The OM values observed in this study were similar to those found in another fish farm studies (Sakamaki, Nishimura & Sudo [2006](#are12159-bib-0057){ref-type="ref"}; Nizzoli, Bartoli & Viaroli [2007](#are12159-bib-0050){ref-type="ref"}).

In this study, TP under the fish cages was always higher than at the control site; a result also seen by Karakassis, Tsapakis and Hatziyanni ([1998](#are12159-bib-0039){ref-type="ref"}); with the greatest concentrations in the summer months, as observed by Mantzavrakos *et al*. ([2007](#are12159-bib-0044){ref-type="ref"}). This, as in the case of OM, can be explained by the increase in solid waste that is generated as fish farm activity increases in summer. The TP concentrations in sediments under fish cages in the Mediterranean Sea observed by authors such as Karakassis *et al*. ([1998](#are12159-bib-0039){ref-type="ref"}) and Porrello *et al*. ([2005](#are12159-bib-0055){ref-type="ref"}), were of an order of magnitude that was similar to the concentrations found in this study. Eh in the sediments is a key factor in determining the biochemical transformation of organic matter as well as distribution, type and physiological activity of bacteria and other microorganisms found in the sediment (Teasdale, Minett, Dixon, Lewis & Batley [1998](#are12159-bib-0061){ref-type="ref"}). Eh was measured in the uppermost sediment layer. We found sediments under the cages to be consistently more negative, with the greatest negative value observed in early summer possibly due to the higher OM content. Other studies also found reducing sediments under fish farms such as those conducted by Karakassis *et al*. ([1998](#are12159-bib-0039){ref-type="ref"}, [2000](#are12159-bib-0040){ref-type="ref"}) and Ferrón *et al*. ([2009](#are12159-bib-0029){ref-type="ref"}).

Benthic organisms {#are12159-sec-0010}
-----------------

The area under fish cages showed fewer animal groups as well as a lower specific richness in crustaceans and polychaetes. This is in keeping with Bellan‐Santini and Lacaze ([1994](#are12159-bib-0011){ref-type="ref"}), who state that under normal conditions, oligotrophic systems such as the Mediterranean Sea, show a low abundance and high diversity of species, a situation that is not unlike the conditions observed at our control station.

As the CCA indicated, the environmental variables measured in the sediment were largely responsible for the differences found in the macrofauna at the fish farm installation and the control station with the TP and Eh showing the best correlation with the distribution and abundance of the species. The OM also partly explained the distribution and abundance of the species. There are greater quantities of OM under the cages (Fig. [2](#are12159-fig-0002){ref-type="fig"}a) and this produces a decrease in oxygen concentrations in the sediment, which affects species that show high sensitivity to oxygen depletion (Diaz & Rosenberg [1995](#are12159-bib-0026){ref-type="ref"}). In natural conditions, hypoxia is often associated with increased ammonia and hydrogen sulphide (Wu [2002](#are12159-bib-0065){ref-type="ref"}), substances which are toxic to most organisms. Although the CCA explained most of the variability in the two study zones as well as giving high correlations between the environmental and biological variables, other environmental variables not measured in this study were also a probable cause of the low diversity found below the cages. For example, other contaminants from fish farming activities, namely metals and chemotherapeutic agents may also adversely affect benthic fauna (Davies *et al*. [1997](#are12159-bib-0022){ref-type="ref"}; Dean *et al*. [2007](#are12159-bib-0023){ref-type="ref"}), which may also lead to the disappearance of some species. Pinedo, García, Satta, De Torres and Ballesteros ([2007](#are12159-bib-0054){ref-type="ref"}) classified the macrofauna of the Western Mediterranean area, according to each species sensibility/tolerance to organic enrichment in particular. Species were grouped into four categories: 1 -- sensitive; 2 -- indifferent; 3 -- tolerant; 4 -- opportunist species. According to this classification system, species such as *Ampelisca spinipes* belong to group 1 (species which are very sensitive to organic enrichment and present under unpolluted conditions) and species such as *Apseudes latreilli, Nephtys hombergi*,*Goniada maculata*,*Pectinaria koreni* and *Glycera sp* belong to group 2 were only observed at the control station. At the CCA, these species appeared to the right on the factors diagram. However, *Capitella capitata,* the dominant species in the fish farm installation (Fig. [5](#are12159-fig-0005){ref-type="fig"}c) and responsible for the high dominance of the macrofauna under the cages (Fig. [4](#are12159-fig-0004){ref-type="fig"}) was classified as a member of group 4, that is, as an opportunistic species (in pronounced unbalanced situations). These are deposit feeders which proliferate in reduced sediments. The CCA showed that this species is associated with high values of OM, TP and gravel and highly reducing conditions in sediments. Karakassis *et al*. ([2000](#are12159-bib-0040){ref-type="ref"}) also found *Capitella capitata* to be the dominant species among macrofauna under two marine fish farms in the Mediterranean Sea. *Capitella* sp. is thought to be an indicator par excellence of anoxic conditions (Rosenberg [2001](#are12159-bib-0056){ref-type="ref"}; Wu [2002](#are12159-bib-0065){ref-type="ref"}). On the other hand, the increased abundance of this organism may, to a certain extent, limit accumulation of organic matter in sediments, as there is an increased consumption of organic matter by this macrofauna type. According to Banta, Holmer, Jensen and Kristensen ([1999](#are12159-bib-0009){ref-type="ref"}), this phenomenon may account for up to 15% of the total respiration of sediments.

The results of this study demonstrate the general effect that organic enrichment has on marine sediments: namely, lower diversity and greater abundance of individuals. The benthic variables which showed the best correlation with the distribution and abundance of species were the concentrations of TP and Eh. The polychaete worm *Capitella capitata* was the dominant species under the cages, and thus can be considered a good indicator of organic contamination. Taxas such as *Ampelisca spinipes*,*Apseudes latreilli, Nephtys hombergi*,*Pectinaria koreni* and *Hyalinoecia bilineata* can be regarded as good indicators of non‐disturbed areas.

Conclusion {#are12159-sec-0011}
==========

This study showed that fish‐farming activities located in marine ecosystems can give rise to certain environmental effects in the water column as these activities decrease the concentration of dissolved oxygen and increase the concentration DIN and PO~4~ ^3−^. These conditions occasionally altered the stoichiometric ratios between nutrients and the limiting nutrient in primary production. Some future lines of research that may prove useful may be the characterisation and quantification of phytoplankton species, as the alterations which may favour the development of species that do not require silicate, such as dinoflagellates. In addition, the fact that we found nutrient concentrations with lower levels of Chl‐*a* at the fish farm facility suggests that it would be worth studying the role of marine biofouling on submerged fish farm structures in the uptake of nutrients, particulates and phytoplankton.

The sediment under the cages was found to have greater concentrations of organic matter and total phosphorus, as well as a redox potential that was more negative with respect to the sediments located in the control station. This was attributed to the organic waste from the fish farm. Since the fish feeding rates were a function of water temperature, the sediments quality consequently also showed seasonal changes. The fish farming activity also generated a significant change to the structure of the benthic community under the fish cages, with a notable decrease in specific richness and nearly a nine‐fold increase in abundance. The values of OM, TP, Eh and% gravels in sediments influence the distribution and abundance of species of the macrofauna, which limits the presence of sensitive species and favours population growth of opportunists such as *Capitella capitata*.

Although these impacts are quite localised and depend on a variety of factors arising from the fish farming activity itself and its location, this type of research may be of assistance in legislative processes, management practices and the adoption of measures by this industry to reduce the negative impact of these farming activities on the environment.
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